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ABSTRACT

A method for analyzing in the frequency domain the performance
of linear networks containing nonlinear resistors. This method
is applied to the evaluation of the frequency performance of a re-

actively terminated mixer.

Accepted for the Air Force
I'ranklin C. Hudson
Chief, T.incoln l.aboratory Office

iii



CONTENTS

Abstract

The Problem

Some Theoretical Considerations
The Balanced Ring Mixer
MODCAP

iv

iii



FREQUENCY DOMAIN ANALYSIS
OF A CLLASS OF NONLINEAR NETWORKS

The evaluation of the frequency performance of networks containing nonlinear devices 1s
normally very involved. This report deseribes a procedure by which the frequency domain per-
formance of networks containing devices that may be represented as nonlinear resistors can be
evaluated with any desired accuracy. Since only general statements can be made about the appli-
cation of this method to the whole class of networks considered, the detailed analyvsis of a bal-

anced mixer, together with its frequency selective terminations, is presented as an example,

The Problem

The general problem considered is a network containing nonlinear resistors controlled by
one or more independent voltages and/or currents embedded in a linear frequency invariant net-
work (17ig. 1). Also, ports 1 and 2 are assumed to be the input and output ports of a 2-port N
(dashed lines, I7ig. 1). l.ater, the problem of embedding N in a general linear network including

reactive elements is considered.

I'ig. 1. [Frequeney invariant network containing nonlinear resistors.

Some Theoretical Considerations

The nonlinear resistors are assumed to be monotonic and representable, over the frequencs
band of interest, by some curve or family of curves (I'ig.2). The single curve type [i.e., g 2(a0|
will be a two-terminal device (e.g., a diode), If the device possesses three terminals, with one
used in the fashion of a grid on a triode or gate on an FET, the multiple curve type description
[Fig. 2(b)] is necessary. By analogy this scheme can be extended to cover more control param-
eters. The currents flowing through the nonlinear resistors will be referred to as I'l.(\'), I'i(\'1, \'2),
ete., respectively (Fig. 2) to distinguish them from currents in the lincar portion of the network.

Assume for the time being that onlv m two-terminal nonlinear resistors are present in he
network. I these resistors are extracted to form m ports and if the n input ports are supplicd
with voltage sources \'Si fed through resistors Rsi’ Fig. 3 results. 1t will be assumed Yor the
time being that the \ si are DC voltages. The reason for this will become apparent later. .\Itl
stands for nonlinear resistance i. The current at the im output port is then 1'1(\'1.) where vis
the voltage across the port. Defining a 2n X 2m transmission matrix between the n input and
m nonlinear resistor ports with elements A, B, C, and D) (cach of which is an n X m matrix con-

taining constants onlvl,
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Vo= (RC+A)y +(RD +B) f{v) (1)

where Vs is an n X 1 column vector, v and f(v) are m X 1 column veetors and RS isann xn
diagonal matrix with resistor Rsi in the 1 X i position (for i =14,2...n),

If three-terminal nonlinear devices are now considered as well, then for each such device
wherever there was one output port in Fig. 3 there will now be two. This scheme is illustrated
in Fig. 4. 1t is assumed that no current flows into the eontrol port. This can obviously be done

with no loss in generality hy merely assuming the resistance (if any) across this port as bheing

o)

Fig. 4. Transformation of a single
to a double controlled nonlinear

resistor,
—_
v CONTROL
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ahsorbed into the main network. So if there are k of these three-terminal devices present, the
number of output ports will be inereased to (m + k). An equation essentially in the same form as
that given in Eq. (1) will still hold; however, the transmission matrix elements will be n x (m + k)
matrices and f(v) will he a function of two voltage variables, v and V(‘.i’ for each of the threc-
terminal devices. If devices with more than two control parameters are used, the foregoing
principles still hold merely increasing the order of the transmission matrices and appropriately
changing f(v). Also, the controlling parameters need not be voltages, they may he any mixture
of currents and voltages. No matter what the complexity of the devices, however, an equation

of the form shown in Eq. (1) will alwavs be obtainable by standard linear analyvsis techniques,

\'~1 curves for each of the nonlinear deviees are assumed to be available, so for any one
vector v the vector f(v) may be evaluated. This may require some interpolation if three or
more terminal nonlinear devices are present. I'rom a knowledge of v and f(v), by use of Fq. (1)
the corresponding vector \~'S can be found. Also for any one vector y a unique vector Xs exists,
The reverse is also true. Thus given sufficient space a large enough table can be constructed
that will permit reverse interpolations, i.e., given a vector Xs the corresponding vector y can
be found to within some specified accuracy.

Now consider Fig. 2(a). For any value of v, v, a corresponding unique value f(\'l.) exists,
Since f(vi) is a current, a resistance Hi = vi/f(vi) may be defined. Again for a given Vi Hi is
unique. So from a given V-l curve, H]. can be easily found for each v. The same is quite obvi-
ously true of a family of curves [Fig. 2(b}]|; however, here two variables vl. and Y i are required
to define Ri'

So for anv given vector, '\;s’ each nonlinear element can he replaced hy its corresponding
value, Ri. In effect, for each value of Vs the entire network can be replaced by a purelv positive
linear network., If we consider the 2-port N (Fig. 1) and assume that all its \'Si are on ports

other than 1 and 2, then for each value of \s one can write down anyv of the 2-port matrices byv



straightforward linear network analysis methods. Consider the h-matrix; then

vy = hy (V) i +hy, (Y ) v

1 fiZi=sy 2

b= Botig) by + ¥l vy (2}

as \N’S is changed to some new value, the h-parameters will also change. This dependence is
implied by the notation used in Eq. (2).

So far it has been assumed that the elements of VS are DC voltages. But the main aim of
this paper is to investigate the frequency performance of the networks considered. The lore-
going discussion can be applied to this aim in the following manner. Assume that each of the
voltages in !s is some sinusoidally varying signal. The frequency of each of these voltages used
necd not be the same. It will, however, be assumed that the magnitude of one \'Si is far larger
than that of all the others. The reason for this assumption will become apparent later. l.ct this
dominant voltage be denoted by \vso and its frequency by fO. Now let \’S() and all the other \'Hl
be sampled over one complete cvcie of Vso' Fach set of samples will determine one complete
vector \'S and hence one value for each of the h-parameters. If n samples are taken, this will
determine the n different values each of the h-parameters assumes over one cvcie of \ . Simcee
\.so was assumed to be dominant, this pattern will be repeated to a high degree of accuracy over
each cycle of \ so° This scheme is illustrated in Fig. 5, taking hiz(!s) as an example. Of course,
all the other \'Si present are also sampled at the same rate as \‘so' The envelope of the result -

ant magnitudes of hii(ys), (i, ) = 1,2) represents the variation of these parameters in time over
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Fig. 5. (a) \.so input waveform, (b) possible resultant hiz(ls) waveform.

a period 'I‘O. The reason for choosing one dominant \‘Si is now apparent. If more than one \ o
were dominant the periodicity of the h-parameters could well become indeterrminate, at jeast in
a general case. In many practical networks the assumption that one drive is dominant as far as
the nonlinearities are concerned is founded. The example to be considered will illustrate this,
At this stage, cases have to be considered on an individual basis, especially if the dominance of
onily one \‘Si can no longer be assumed. In this case, each of the four hi| parameters can be ex-

panded in a Fourier series with a fundamental period W Thus
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hy (0 Y Hyy  expliie t] (3a)
i-0

hy,th= 3 Iy, ;expliiw t] (3b)
i0

hy () 7 N,y expliie ] (3¢)
i0

b 50 ), H,, ; expljiwt] . (3)
i-0

So the problem posed at the beginning has now been reduced to a 2-port problem with a set of
h-parameters given in Iiq. (3). The amplitudes and fundamental frequency of these parameters
is determined by \'SO' A number of other \'Si may also be present. It has to be noted that any
DC voltage supplies can also be represented by a \ si’ These DC voltages may be any required
magnitude, comparable or even greater than \so’ since thev will not introduce a periodic

variation.
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big. 6. The 2-port N shown in Fig. 1
with source and load terminations.

2-PORT N

In the most general case, the 2-port considered will be supplied by some voltage \ gl fiirot
quency f\; (Fig. 6) on port 1 and work into some load ”l . The volitages and currents on the 1o

stdes of the network will have frequency components at (t's + kfo) for —« kg = s0 denoting

V5. exp [ arg(\'zf)l by \2(‘ and |l1ml expl] a1~g(i1m)l by I1m,
) Nk 2 o . . ;
\Z(t) ) \Zl pr|_|(ws +ﬂw0)t] (da)
f==00
11(1) L I1”](Rp[‘|(d.s‘mub0)ll . (4
m- -

Similar expressions hold for the other parameters. Thus from Iigs. (2}, (3) and (4):
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but since Vi(” will also be of the same form as the expressions in [iq.(4), i.e.,
o0
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it follows from lgs. (5} and (6) that
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Since — ng @ and —» ¢ kg =, Egs.(7)and (8) define a 2n x 2k matrix with both dimen-
sions stretching from —« to +©, In every practical case the eoefficients [,

ab,1
I increases, also [ Eq. (4)] the coefficient \'Zk and [1m will decrease with an increase in'k, so

will decrease as

only a finite portion of the matrix has to be considered for any required accuracy. [For example,
assume that only the first three If-parameter coefficients need be considered, then Eq.(7) re-
duces to

%o n = W ol T Wan iy nod F Ve * Bag oW 0o % Iy nep!

+ Bl s Uy el FWap o Vo i Bhs (s i ¥ ¥ g

+ 1 (\

12,2 " 2,n-2 k. 2,n+2) t ”12,3(\ ) . (9)

2.0-3 * Y2 na2

[lquation (8) will reduce to an analogous expression. If it is further assumed that only \

\"l VR \'1 p are of interest, then Iig. (9) may be rewritten in matrix form as
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Since the number of voltages and currents must be the same, only the portions of the ma-
trices and column vectors inside the dashed lines need be considered. Equation (8) may, of
course, also be written in a matrix form analogous to liq.(10). Denoting the left-hand sicde of
IZq. (10) by li,n
a similar notation for the other relevant entities, ligs.(7) and (8) may be rewritten as

, the two truncated column vectors on the right side by 11 " and \;2 n’ and using

’

N |
X4,n Heg 1842 | | Lan
_____ S I e SR . (11)
| r
tz.n Ha11 822 [Yon
Each of the H-parameters is an n X n matrix of constants, thus Eq.(11) describes the
h-matrix of a linear 2 port with n input and n output ports, however, since each V ete., is

45
assoclated with one specific frequency, this 2 port differs fundamentally from a conventional lin-

ear network in that each port is associated with a distinct frequency different from all the others,
Fignre 7 is the pictorial representation of Eq. (11). Despite the fact that each port is associated

with a different frequency, the network itself is linear and hence any transfer parameter can be
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computed using simply linear methods. Thus, for example, if the power transfer between input

2
1,i| \&hexebi,i

try in the scattering matrix of network No' As far as the original 2-port N is concerned, IS1 'IZ

port 1 and output port i is required, this will he given by the |S 1s the 1,1 en-

defines the power transfer from port 1 at frequency f1 i to port 2 at frequnency f Any other

i
parameters may be evaluated in a similar manner. =
To recap, given a 2-port N containing nonlinear resistors, find the time performance of 1ts
h-parameters (or any other set for that matter), expand these in a Fourier series, collect the
dominant coefficients to form Eq. (11} and the nonlinear 2-port problem is reduced to an equniv-

alent linear 2n-port problem. For example;

The Balanced Ring Mixer

Problem: Investigate the frequency performance of the balanced mixer (Fig. 8) and deter-
mine the characteristics of matching networks placed on the input and output ports (networks
N1 and NZ), which will give the smallest insertion loss between the signals at source frequency
and the required output frequency.

l.et the R} signal at angular frequency Wy be applied to port 1, the 1.0 signal to port 3, and
let port 2 be the output port at which the IF signal at angular frequency (.us — u.‘o) is extracted.
The 3-coil transformers are assumed to be frequency invariant over the band of interest. Assnum-
ing the 1.O drive is dominant (this is a very fair assumption in the case) it will be found on in-

spection that

v v —\ s (1§28

This simplifies matters verv much since none of the interpolation procedures described at
the beginning need be used. It is also assumed that the diodes are matched, and hence, have
essentially the same V-1 characteristics. These will be taken to be of the form shown in g, 9(a).
With this assumption and the \'SO drive as shown in Fig. 9(b), the resultant diode resistance per-
formance against time will very nearly be that shown in I'ig. 9(¢).  An additional degree of sophis-
tication is added in Fig. 9(¢} by assuming the rise and fall times are unequal. From Eq. (12) 1t
follows that diodes I)1 and I)Z will have a resistance waveform of the tvpe shown in Fig. 9(¢).
l.et this resistance be denoted by R(t). The resistances of diodes I)3 and I)4 will have the same
shape as R(t), however, they will be shifted by 180° with respect to R(t}. For this reason these
impedances will be referred to as R_(t). By a straightforward Fourier analysis of Fig. 9(c), it

follows that

1] 5 1 1 - .
l\+(t) E(Rb + Rl‘) + f(Rl) RIJ e(t) (13a)
R ()= iR, & B = 4R, =R () (13b)
- 25 Ty A S 2
where
w‘ 1 sin n:r(‘?T?) sinm:(%) sin 2Z
ciy = N = x X ¢coSnw 1 (14
= 2L nm(82) nr(22) oz g
n-1 TN S Z
m‘ sin n—27-'
Mok(n) _nWZ— cosnw t . (14a)
n=el
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resistance/time performance of a diode driven by the Vg shown in (D).

This is a trapezoidal wave of +1 magnitude.

It should be noted that if da 6b
for all n and «(t) reduces to

0, ki{n) 1, then

2 sin n_er
uft) - L —— C0S nwot (15}
n1 2

which is the Fourier expansion of a square wave varyving between +1 and — 1.

An equivalent derivation on a conductance basis, assuming the two diode siopes to be (;I and
(;t. gives

S i . s . -

v+(1) E(Gf1 (vb) = Z(('f—(,b) ((t) (16&)

@ (= G G 1 G — ) ) (160
- 28~ b 24l b

(}+(t) and G_(t) are defined in the same fashion as H‘*(t) and R _(1).
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Assuming the instantaneous resistances (conductances) of the four diodes in Fig. 8 to be,

respectively, Ri’ RZ’ R3, R4 ((‘-1, GZ’ G3, G4) then the instanteous h-matrix between ports 1 and

2 is given by

( 1 X 1 ) 1{11{2 —R3H4
h11 }112 (Ir1 + (13 (‘.2+(}4 (H1 + H3)(H2 +H4)
(h) 5 (171
h21 h22 - 1{11{2 - 1{3]{4 ( 4 . 1 )
(R1 +R3)(R2+H4) 1{1+H3 HZ+H4
but 1{1 = HZ = H+(t) and 1{3 = H4 = R_(1), or vice versa,

A similar set of relations holds for the Y parameters. Using ligs. (13), (16) and (17):

h T 5 (18u)
E R

Ry =R,
b f

g, = < 4 (—R — ) (1) (180
b f

) 2 )

By R, + R, (18¢)

It is interesting to note, that h“ and h22 reduce to time invariant immittances. | sing ¢ (1)

in the form given in Eq (14a)

2 (Bp ~ % 1
1112 3 '1121 = -TF (W) [k(1) [QOK) (.u‘ot = ? k(3) COS 3(4}01 Fioe
+ (“—“n— k(2n + 1) cos (2n + 1) w 1
(2n + 1) ot

it follows that

2
H s == T = (19
11,07 G * G, il %
H P H -0
| 3 N = Q
22,0 Ry + Rf 22,1 2o (19

1112,() 1121’() 0 (19¢)

H = H

i#o 2“’1;&0

R, ~R,\ - sinil

Hb + Rf

12,1

- o
i=1
Equation (19) completely defines all parameters in the 2n-port H-matrix. ‘Fable | gives a
number of ratios for k(n). In each instance the risce and fall times have been assumed equal
(i.e., 6a ke 6b). It should be noted that the fundamental component (i.e., n - 11 in each of the cases
considered is very close to unity, and as n increases k(n) departs from unity.  So the higher
order harmenics are attennated to a larger degree than the fundamental. This fact will actualls
aid the mixer design. Nore will be said about this when the numerical results of thrs example

are disenssed.
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TABLE 1

RATIOS FOR k(n)

. 5, = &, = 0.01 8, £, = D05 8, = 8, =01
1 0.999812 0.995865 0.983641
3 0.998433 0.963397 0.858397
5 0.995865 0.900316 0.636620
7 0.991945 0.810335 0.367884
9 0.986725 0.698648 0.109294

Assuming 63 6 0, the H-matrix of the same order as that in Eq. (10) becomes

5}

- ' o
] 1
) ) [ P 0 0 0 0 : 0 1 0 N 0 .
: 1.- : 1 |1 -2
) H“ Fo 0 4] n 1 1 0 1 0 3
o 1
Mgt ( -1
0 0 II11 a 4] ) 0 1 [} 1 [}
. 0,0 1 |
e : , 1,0
s 0 0 0 “11,().1 0 : 3 0 1 ] 1 1
.1 ! 1.1
1
" 0 0 0 0 H ! 0 18 0 [ 0
> 11.0,2 1 3 !
B e e L (20)
[}
l il
1.2 0 1 0 3 0 !”zz,u-)_ 0 0 0 0 \Z_,
1
1, T \
Bus 10 2.-1
1 0 1 0 3 : 0 ”Z?_.() 1 0 4] 0
) \
310 ) 2,
L [/ 1 ) 1 0 :l ] 0 llzz.“‘” 0 a L
s . | W
£ o 1 0 1 E 0 0 0 it 0 o
l' » t \) U
J i p
13 l 4] 1 " t 0 0 0 0 1 .
L 3 : 22,0.2
where 11 1/(R, + R, evaluated at «w = w_ + kw _and H 1/(R,. + R,) evalnated at
11,0,k (Ry, f =S o 22,0,k /1 b f
w gt kw(). Ilquation (20) represents a 10-port passive reciprocal network with 5 input and

5 output ports. A number of important conclusions about the character of this 10-port can be

drawn from lq. (20). This can best be done by writing out some of the equations, thus:

‘ 1
B == M0 cn ' =0T o= 5 Y Gty
\G 1 ] +V +V —1\ (21h)
1,-1 11,0,-1 1,1 2.2 T Yo n T8 22 :
L 1,0 “11,0,()11,() ¥ \2,—1 * \2,1 (o)
\‘ 1 By g e sV, 4V (21d)
1,1 e 2 %~ 3 ‘=t Yz T Yo
" H b s — 4V (21¢)
1,2 PlGa 2 3 2.1 2.1 ¢
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The frequency associated with any one port is determined by the voltage (or current suffix),

thus \’1 i 1s at a frequency wg iwo, ete. So from Eq.(21) it follows that components at even

multiples of the angular frequency w, on the output ports will produce components at odd mul-
tiples of W at the input ports and vice versa. l'rom l7ig. 8 it can be seen on inspection that the
input voltage components will contain the voltage &'1 o (i.e., at ws), so there will be a current

component | This will result in only odd suffix voltages and currents on the output poris,

1,0
which in turn will produee only even suffix voltages and currents on the input ports. As a resuln,

only even harmonics of @ will be present on the input ports and only odd harmonics on the out -

put ports. This has an important consequence because it implies that all \ 1y I1

and \'2 i I2 ; for i even, will have zero amplitude. So two of the input ports and three of the

output ports of the 10 ports are, for practical purposes, nonexistent. So they may be ignored.

i for 1 odd.

Since the mixer will be used (in this example) as a down converter, the component \ > -1 is the
required output. So from equations of the type given in Eq. (21) the input and output voltages, in

decreasing order of magnitude, can be written as follows:

Input Magnitudes Output Magnitndes
\'1,() \lZ,—1
¥1.-2 Y2,1
¥ %38
Vi,-4 Yo
V1,4 e

and similarly for currents. Using these magnitudes as the new column vectors, a new 10-por

matrix may be constructed by inspection of Iiq. (10), thus

r i |
\1,0
R
Yy
Ty
Yi4 (221
""" 1
1 t
2.-1 ]
1
| 1 s Ji Vs
21 i : 1 = o 0 b o 0 0 0 O8]
[}

i 1 Vi
5 1 1 1 . 2.-3
= 1 = 1 - : ( 0 ”2.’,“.-3 0 0

\
o) ] ] . i o
3 z 1 7 1 : 1] n 0 II:_”.,‘ 0 A
o i 2.-5
e - 1 1 1 1 = z
i 3 = 1 & : 0 0 0 0 I‘Zl.n.-ﬁ

1.3



By inspection of Fig. 8 it follows that Eq.(12), which governs the voltage distitbution across

the diodes, will be unaffected by connecting general 2-ports (N‘l and I\‘Z) in series with pors 1

and 2.

If this is done, the 10-port can be represented as shown in Iig. 10.

61210
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Fig. 10. Augumented 10-port network.

The networks N1 and NZ appear on each port evaluated at the port frequency.
mented 10-port input magnitudes be denoted by \N'A

and LB (Fig. 10), then since the transmission matrix of N

A

C

the overall transmission matrix of networks N1 i(l‘l) becomes

Ka £y
La &1

where each of matrices A1, B

1,0

1,0

1

H‘l,o

”1,()

Baf | Y,
Byl [ 21

1,0

’

is

etc., is a diagonal matrix with entries A\1 o \1 2

ete,

et the aug-

and l.\ and those on the output ports by \ 1

for

(1\1) in the leading diagonal. A similar matrix (’I‘Z) may be defined for the output ports, thus
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[}
r 1 o
X2,i L 18] (Y8
. e ) PR (24)
12,1 C2 R |4

Converting the 11-matrix of the unaugmented 10-port into an equivalent transmission mair'ix

(TO), then the overall transmission matrix of the augmented 10-port (T) is given by

ALB
1
IT) = T, [T (T, = |-k . (251
CaD
SRR

iIf it is now assumed that the load and source resistors RS aned Rl are equal, and that Hq

Hl 1, then the scattering matrix parameters of the augmented network 1s given by
511-L—ZX(Q+Q)XA'1 (26u)
S o8 - A (26h)
=12 =21
& o -1 -
S,,7 L=-2xa87 x(B+D) (260

where U is the unit matrix and &4 = A + B + C + D. The scattering matrix

(s, ,s s I S )
a5 (o 122 15 : 16 71,10
|
|
521 }
|
1
g l
211 : 12
1
v I o
(s Ss5q 555 | Ss6 (27
______________ L I S
|
. I s -
61 %65 1 66 56,10
!
[}
I
‘121 ! =22
[
!
510,41 10,51 510,6

has the property that
e lz Power delivered to output port 1
16 Max. available power at input port 1

Power delivered to frequeney (w_ —w )
' S G (28)

Max. available power at source frequency wy

N . | 2 : . "
In similar fashion all the other !s”' are ratios of the powers delivered to the frequency at
port j to the maximum available power frrom the source. 5So an evaluation of the 51i permits a
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computation of how much power goes into each of the frequencies present on both sides of thc

mixer. Also, the input impedance Zj at the jth port:

1—s..

" 1]
2" =, gz (29)

So from a knowledge of the Sjj’ the input impedanccs on both sides of the mixer at all the fre-
quencies are available.
Using the above mathematical background, a computer program has been written to evaluate

these power and impedance distributions.

MODCAP

Based on the mathematical background described, a Fortran program was written to analyze
the performance of a modulator connected between two general filters, hence the name MODCAP
for MODulator Circuit Analysis Program. The MODCAP program appears at the back of this
report.

The purpose of the program is to evaluate the power transfer ratio from the input port at
input angular frequency wy to the power at all the other frequencies assumed present at both
ports. For example, if the strongest five harmonics at the input and output ports arc considered,
the situation depicted in Fig.10 ensues. The program will evaluatc the power transfer (as a ratio
in dB) between input port 1 and any of the remaining nine ports. It will also evaluate the input
impedances at the input and output ports at all the frequencies considcred. Further, the program
will evaluate the amount of change induced in the power transfer ratios and impedances if some
element or elements constituting the network change by a specified amount. All of these cal-
culations can be carried out in threc different modes:

1% é& ;ingle frequency is specified in the data for the input and local oscillator
rive.

2. A band of input frequencies around some nominal value is specified together
with a singlc local oscillator frcquency. In this case, the output frequencics
are also grouped in bands.

3. The input frequency extcnds over a band and a single local oscillator fre-
quency is chosen to bc a single frequency. The program will automatically
change the nominal local oscillator frequency for each frequency in the
input band such that a specified single output frequency results.

In each case the program evaluates the harmonics automatically at single frequencies or in
frequency bands depending on the mode used. In its present form, duc to storage limitations, the
program has thcse maximum values:

1. The filters terminating the mixer on each side must have no more than

10 nodes and contain only two or three terminal elements. For ten nodes
there can only be three terminal elements.

2. The maximum number of harmonics on each side of the mixer cannot
exceed 10.

3. The same number of harmonics always havc to be considered on each of
the two ports.

4. If frequency bands around each harmonic are used, thcy can contain no more
than 21 frequencies.

5. If effects of one or more clement changes are investigated, only 42 sets of
variations can be accommodated.

All of these constraints can be overridden by appropriate dimensioning.
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Data is entered via a subroutine. Data for a typical case are shown in the MODCAP input

data (program) at the end of this report where:

M specifies the number of frequencies in each harmonic band.
N is the number of harmonics including the fundamental considered on each side.

HINOD (a) is wherc a = 1 and 2 for the highest node numbers in network 1 and 2,
respectively.

RISE is the fractional rise time of switching wave shape (6a/T) (Fig. 9c).
FALL is the fractional fall time of switching wave shape (6b/T) (Fig. 9e).

RT is the magnitude of source and load resistor. If unequal terminations are
required transformers have to be included in networks 1 or 2.

X(a, i, j) is element X(L,, R or C) of network a(1 or 2) appearing between nodes
i and j. The units are Henries, Ohms and Farads and the values are entered
in floating point form, e.g., L(1, 3,5) = 5.86E-6 in network 1. The inductor
appearing between nodes 3 and 5 has a value of 5.86 pH.

H 3-terminal devices (e.g., transformers) appear in either of the terminating networks,
their presence and location is described as follows:
Each device is assigned a consecutive number. Their input node is labelled 121,

the output node E2 and the common node E3. The network number and device
are in brackets:

E1(2,1) = 1
E2(2.1)=2
E3(2,1) = 3

This notation tells the computer that in network 2 the input node of 3-terminal device 1 is
connected to the node labelled 1. The output node of device 1 in network 2 is connected to node 2
and the common node of device 1 in network 2 is connected to node 4. This describes the loca-
tion of device 1 in network 2. The electrical parameters of 3-terminal devices are spccificd by
their H-matrix. All four H-parameters must be frequency independent. 111 and H22 are in
units of Ohms and Mhos, respectively; the remaining two are dimensioniess. All magnitudes
are again specified in floating point form. For example, H11(2, 1) = 0.5EO means that 1111 of
device 1 in network 2 is 0.5 Ohms.

If frequency bands are used these arc entered as FR(i) = value where i = 1,2, ... M. If the
frequencies are equally spaced they can be entcred by specifying the first frequency FR(1)
'value', the increment DR(2) = 'value' and the last frequency FR(7) = 'value'. Frcquencies can
be cntered sequentially or with increments or a combination of both. There mav be as many

increments as necessary, but the total number of frequencies cannot exceed 21.

FLON is the nominal local oscillator frequency.
FIFN is the nominal output f{requency. This is 0.0 for modes 1 and 2 and assumes
some non-zero value only for mode 3.

This completes the nominal data input. 1If no variations are required, a RETURN card
follows FIFN and then 'i CONTINUE' cards where i = 1,2...42. After 42 CONTINUE, a STOP
and an END card completes the data input.

If variations are required, the 2 CONTINUE card follows the RETURN card. A 'VAR - 1'
card is inserted next. Following is the first set of variations. Thus NEWR(1, 1, 5) = 0.6071:0
means that the old value of the resistor in network 1 between nodes 1 and 5 assumes the new
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value of 0.607 Ohms. At the end of the first set of variations a RETURN card has to be inserted.

If there is more than one variation, the procedure is repeated with VAR = 2, etc.
NOTE:

The nodes in the two terminating networks have to be labelled as follows:
the input node has to be node 1, the output node is labelled 2, internal nodes
are labelled arbitrarily, and the highest node number is assigned to the

common ground node.
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